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Abstract
We apply a model of root-water uptake to a woodland in Australia to
examine the regulation of transpiration by root water compensation (i.e.,
the ability of roots to regulate root water uptake from dierent part of soil
depending on local moisture availability). We model soil water movement
using the Richards equation and water ow in the xylem with Darcy's equa-
tion. These two equations are coupled by a term that governs the exchange
of water between soil and root xylem as a function of the dierence in water
potential between the two. The model is able to reproduce measured diurnal
patterns of sap ux and results in leaf water potentials that are consistent
with eld observations. The model shows that root water compensation is a
key process to allow for sustained rates of transpiration across several months.
Scenarios with dierent root depths showed the importance of having a root
system deeper than about 2 m to achieve the measured transpiration rates
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without reducing the leaf water potential to levels inconsistent with eld
measurements. The model suggests that the presence of more than 5% of
the root system below 0:6 m allows trees to maintain sustained transpiration
rates keeping leaf water potential levels within the range observed in the
eld. According to the model, a large contribution to transpiration in dry
periods was provided by the roots below 0:3 m, even though the percentage
of roots at these depths was less than 40% in all scenarios.
Keywords: root water compensation, transpiration, hydrological modeling,
eco-hydrology
1. Introduction
Water taken up by plant roots for transpiration constitutes a signicant
portion of the hydrological cycle, largely determining the exchange of water,
carbon and energy between the land surface and the atmosphere [1]. The
accurate prediction of root water uptake is thus important in hydrological
and climatological applications.
Mechanisms associated with root water uptake that have been observed
in the eld and have received recently renewed interest are hydraulic redis-
tribution and root water compensation [2, 3, 4, 5, 6, 7, 8, 9]. Hydraulic
redistribution refers to the movement of water from soil layers with higher
soil water potential to those with lower soil water potential through the root
system, while root water compensation refers to the ability of plants to adjust
their distribution of uptake of water through the soil prole as a function of
local soil water content [10]. These passive mechanisms of root water uptake
and release are key drivers in regulating water use by vegetation, becom-
2
ing especially important in shallow groundwater environments [11] or duplex
soils, where deeper soil layers experience large soil water potential (i.e., near
saturation) when compared to the soil near the surface [12].
These two mechanisms have been discussed separately in the literature,
with hydraulic redistribution being associated with an imbalance in water
potentials across the root system, and root water compensation being in-
terpreted as a defensive mechanism against water stress [13]. Recently, the
denition of these two mechanisms has been merged, by acknowledging their
common driving force, i.e., the non uniform water potential distribution
across the root system [14, 15]. Despite their possible dierent denitions,
it is now recognized that the inclusion of these mechanisms in mathematical
models is recommended to accurately describe root water uptake [15].
Most of the available models commonly used in hydrological applications
describe root water uptake as a sink term in the Richards equation for soil-
water ow, and the rate of water extraction at dierent depths depends on
the amount of water available in the soil, the fraction of total roots present
in dierent soil layers and the potential rate at which plant can extract water
under unstressed conditions [16, 17, 18]. Root water compensation has been
embedded in the sink term by using formulations to increase water uptake
from wetter parts of the root system to compensate lower water uptake from
roots in drier parts of the soil [13, 19, 20, 21, 18]. Other models relate
root water uptake to root water potential; some assume a dened root water
potential distribution across the soil [22, 23, 10, 24, 25] and others also model
water ow through the root xylem [26, 27, 28, 29]. Root water uptake is
commonly assumed to depend on the dierence between soil and root water
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potential. Other formulations are available. For example, van Lier et al. [30]
expressed water uptake as a function of the dierence between the ux matric
potential in the soil and the rhizosphere. This approach has been also used to
give a mechanistic interpretation of some of the earlier, empirical denitions
of root water compensation [31]. More sophisticated models also consider
root [32] or whole plant hydraulic architecture [33, 34, 35, 14]. Although these
models permit a more detailed description of the soil water dynamics, they
are computationally demanding and require a large number of parameters,
some of which dicult to measure.
In this study we use a model that couples water ow in soil to the ow
in the xylem of vegetation, both below and above ground. The model builds
on that presented by Amenu and Kumar [27]. We use this model to show
the key role of root water compensation in modulating transpiration in a
woodland growing on a duplex soil. Specically, we show i) that root water
compensation is able to explain the sustained transpiration rates observed
across several relatively dry months and ii) how the trees partition their water
demand from various soil layers under scenarios with dierent root depths.
2. Model description
We used a one-dimensional model, thereby taking a big-leaf approxima-
tion, according to which spatial variability of the canopy is aggregated in the
value of parameters estimated at the stand level. The model describes water
ow in the soil and xylem, both below and above ground, with the exchange
of water between soil and roots dependent on the water potential dierence
between the two.
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Water ow in variably saturated soils is described using the Richards














= ksr(z) f()(hx   hs); (1)
where  [L3L 3] is volumetric water content, hs [L] is the pressure head in the
soil, k [LT 1] is soil hydraulic conductivity, z [L] is the vertical coordinate
(positive upwards), ksr [L
 1T 1] is the soil-root conductance, f() [ ] is a
water-stress function reducing root water uptake, and hx [L] is the pressure
head in the root xylem. We use the relationship given by van Genuchten [36]
to relate hs to k and  (Appendix A).
Since the exchange of water between soil and roots in dierent soil layers
depends on the amount of roots present in those layers, the parameter ksr is






 1] is total soil-to-root radial conductance, r(z) is the root mass
distribution as a function of depth, and d is root depth. The function r(z)











  d  z  0; (3)
where qz [ ] is an empirical parameter expressing the decrease of the root
mass with depth.
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The rate of root water uptake reduces in low soil moisture conditions.
Additionally, when soil becomes dry, an air gap forms between soil and roots,
thereby decreasing conductivity between the two. To model this reduction
in soil-root conductance, we use the function [37]:
f() =
8>>><>>>:
0   1;
(   1)=(2   1) 1 <   2;
1  > 2;
(4)
where 1 is the volumetric soil moisture content below which root water
uptake ceases, and 2 represents the volumetric soil moisture content below
which root water uptake starts decreasing. We did not consider any reduction
in root water uptake due to oxygen stress.
In relation to vegetation, we consider above- and below-ground xylem as
a porous medium and thus describe ow of water through the xylem using















= ksr(z) f()(hs   hx); (5)
where hx [L] is the xylem pressure head, Ss [M
 1LT 2] is storage within the
xylem, and kp [LT
 1] is the spatially averaged axial hydraulic conductivity
of the xylem.



















where Ax is the average xylem cross-sectional area of all the plants present
in the ground area As. Plants are assumed to transpire only from the top
of the canopy so that there are no sinks along the above-ground xylem;
transpiration is a function of solar radiation, air temperature, vapor pressure
decit, and leaf water potential, as explained in Appendix B. A detailed
derivation of Eq. (6) is presented in Appendix C.




1 + exp(ap(ghx   bp))

: (7)
Although in general kp can be dierent for below- and above-ground xylem
[34], we assumed here a single value for kp in Eqs. (5) and (6).
3. Case study
The data reported here have been presented and analyzed in previous
studies [12, 39, 40, 41, 42, 43]. We refer the reader to these studies for more
complete details on the site. Only a brief description of the site and data
used in our analysis is given here.
3.1. Site Description
The site is located at latitude 33 390 4100 S and longitude 150 460 5700 E in
New South Wales, Australia. The nearest weather station with rainfall and
temperature data is located at the Royal Australian Air Force base in Rich-
mond (Australian Bureau of Meteorology, station 067105). The long term
statistics (1993 2013) show that the average daily minimum and maximum
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EFigure 1: Observed air temperature (Ta) and rainfall (R), solar radiation (S), vapor pres-
sure decit (VPD), and sap ux (E) between January 1st and June 7th, 2007.
temperatures are 10 C and 24 C, with January being the hottest month (av-
erage minimum and maximum temperatures are 18 C and 30 C) and July
the coldest (average daily minimum and maximum temperatures are 4 C
and 17 C). Mean annual rainfall is about 730 mm and the wettest month is
February with average rainfall of about 125 mm.
Rainfall, solar radiation, air temperature and humidity were measured at
the eld site using a weather station; data from January 1st to June 4th in
2007 were available for this study (Figure 1). Total rainfall in this period
was about 500 mm.
The soil consists of two layers: the rst is dominated by sand (sand to
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loamy sand) up to a depth of 0:8 m, and the second is clay with a low amount
of sand. The hydraulic properties for these soil types are reported in [40] and
values of the parameters used in the model are listed in Table 1.
The vegetation is primarily dominated by Eucalyptus parramattensis C.A.
Hall (Parramatta Red Gum) and Angophora bakeri E.C. Hall (narrow-leaved
apple). The trees are about 14 m tall. Leaf area index (LAI) was estimated
between 1:3 to 1:9. Root biomass distribution was estimated from trenches,
with root masses determined up to a depth of 1:5 m. The root biomass in the
rst 0:4 m varied between 40% and 80% of the total root biomass, according
to measurements in four trenches [40]; an estimate of root distribution from
these measurements is reported in Appendix D. Sap ux data were collected
using the heat ratio technique at half-hour intervals (Figure 1); sensors were
installed at about 1:3 m from the ground. Details on the sap ux mea-
surements, including number of monitored trees, number of sensors per tree,
corrections associated with wounding, estimation of zero ow, and scaling
from trees to stand, are reported in Zeppel et al. [12] and [39]. Gaps in the
sap-ux measurements totaled 13 days. Discrete measurements of leaf water
potential and soil moisture proles to a depth of 5 m, spanning the two-year
period 2007  2009, are reported in Zeppel et al. [12] and Yunusa et al. [42]
respectively. These soil moisture measurements were used to parameterize
the model, whereas the leaf water potential and ne scale measurements of
sap ux were used to evaluate the model performance.
3.2. Numerical simulations
COMSOL Multiphysics (Ver. 4.1; http://www.comsol.com/) was used to
solve the system of partial dierential equations.
9
Table 1: List of soil parameters
Parameters Units Sand Clay Description Reference
Measured
ks m  s 1 3:45  10 5 1:94  10 7 Saturated hydraulic conductivity [40]
From literature
s - 0:47 0:55 Saturated volumetric soil moisture content [44]
r - 0:045 0:068 Residual volumetric soil moisture content [44]
 m 1 14:5 0:8 Soil hydraulic parameter [44]
n - 2:4 1:5 Soil hydraulic parameter [44]
l - 0:5 0:5 Soil hydraulic parameter [44]
1 - 0:05 0:08 Wilting point [44]
Estimated
2 - 0:09 0:12 Root water uptake reduction parameter
Table 2: List of vegetation parameters
Parameter Units Value Description Reference
Measured
Ax=As - 8:62  10 4 Xylem cross-sectional area and site surface ratio [43]
LAI - 1:5 Leaf area index [12]
qz   9 Root distribution parameter [40]
From literature
ap Pa
 1 2  10 6 Xylem cavitation parameter [45, 38]
bp Pa  1:5  106 Xylem cavitation parameter [45, 38]
Cp J m 3 K 1 1200 Heat capacity of air [27]
gb m  s 1 2:  10 2 Leaf boundary layer conductance [46]
ga m  s 1 2:  10 2 Aerodynamic conductance [46]
kpmax m  s 1 1  10 5 Xylem conductivity [38, 47]
kr m
2 W 1 5  10 3 Jarvis radiation parameter [46]
kt K
 2 1:6  10 3 Jarvis temperature parameter [46]
 J m 3 2:51  109 Latent heat of vaporization [27]
 Pa K 1 66:7 Psychrometric constant [27]
Estimated
gsmax m  s 1 10  10 3 Maximum leaf stomatal conductance
hx50 m  130 Jarvis leaf water potential parameter
kd Pa
 1 1:1  10 3 Jarvis vapor pressure decit parameter
ksrt s
 1 7:2  10 10 Total soil-to-root radial conductance
nl   2 Jarvis leaf water potential parameter
Ss Pa
 1 1:1  10 11 Xylem storage

















Figure 2: Schematic diagram of the setting used in the simulations.
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Figure 2 shows a schematic of the soil and the plant domains as well as
the physical dimensions used in the simulations. Based on available data
[12, 39, 40, 41, 42, 43], we used a soil prole consisting of a sand layer of
0:8 m above a clay layer of 4:2 m. The water retention and the hydraulic
properties of the two soil types were taken from Macinnis-Ng et al. [40]
and Carsel and Parrish [44] (Table 1). We set the pressure head at the
bottom boundary to be constant and equal to  6:09 m, corresponding to
a volumetric water content of 0:28. This is consistent with discrete soil
moisture observations reported by Yunusa et al. [42], which showed that the
water content in the clay layer at a depth of 5 m exhibited small uctuations
around this value. The measured rainfall rate was used as a ux boundary
condition at the surface. As an initial condition, we assumed the pressure
head in the sand layer to be constant and equal to  0:402 m, corresponding
to a volumetric moisture content of 0:08; this is in agreement with estimates
from soil moisture measurements. In the clay layer, we assumed that the
pressure head below an elevation of 3 m was constant and equal to  6:09
m; this is in agreement with the soil moisture measurements reported by
Yunusa et al. [42]. Between elevations 3 and 4:2 m, the pressure head was
interpolated linearly from  6:09 to  0:402 m.
The plant domain consists of above and below-ground xylem. In the
soil-plant-atmosphere model presented by Zeppel et al. [12] and applied to
the same site, the Authors used a maximum root depth of 3:2 m, stressing
that, although measurements showed that most of the roots were in the top
1:5 m, the model was not able to simulate the sustained transpiration rates
unless a depth of at least 3 m was assumed. In accordance with Zeppel
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et al. [12], we also used a root depth of 3:2 m. The boundary conditions for
the plant domain are a zero-ux condition at the bottom of the roots and,
above ground, transpiration rates dene the ux at the top of the canopy.
We used the Penman-Monteith equation coupled to the Jarvis formulation
for canopy stomatal conductance to simulate transpiration. Since positive
sap ux was often measured during the night, and according to the Jarvis
formulation stomatal conductance is zero in the absence of solar radiation,
we included nocturnal transpiration using an empirical function based on the
measurements reported by Zeppel et al. [39] (see details in Appendix B).
As an initial condition, we assume that the xylem pressure head decreased
linearly from  6:09 m at the bottom of the roots to  23:3 m at the top of
the canopy.
The list of xylem parameters are presented in Table 2. The values of
most of the parameters were taken from either measurements at the site or
from the literature. The parameters 2 and nl were estimated within the
range of values found in the literature; Topt was estimated to be about the
annual average daily temperature at the site, i.e., 16C. The parameter kd was
estimated at 1:1 10 3 Pa 1, similar to the value used in Daly et al. [46] (i.e.,
0:8 10 3 Pa 1). The value of gmax was assumed to be 10 mm s 1 (about 410
mmol m 2s 1), consistent with the maximum stomatal conductance observed
at the site [48]. The parameters ksrt, Ss, and hx50 were randomly varied,
within an interval of reasonable values, until a combination of parameters
producing a satisfactory t between observations and model predictions was
achieved.
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Figure 3: Top: Comparison between measured (circles) and modeled (lines) sap ux rates
at 1:3 m above ground for two dierent time periods. Bottom: corresponding root water
























































Figure 4: Left: Comparison between measured (Emeas) and modeled (Emod) daily sap
ux rates at 1:3 m above ground, excluding uxes during nights. Right: cumulative plot
of measured (dashed line) and modeled (continuous line) sap uxes.
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3.3. Results
Measured transpiration rates shown in Figure 1 present daily cycles with
very similar magnitudes across several months, not-with-standing the reduc-
tions in solar radiation, temperature and vapor pressure decit as well as
variability of rainfall across the study period. The model was able to capture
these sustained transpiration rates.
The Nash-Sutclie Eciency (NSE) coecient for the whole series of data
was 0:86, indicating an acceptable agreement between modeled and measured
sap ux. Since modeling transpiration during the night was not the focus
of this work, we removed the data corresponding to nights; the NSE in this
case remained high, but was reduced to 0:71. Figure 3 shows the comparison
between daily patterns of measured and modeled sap ux at 1:3 m above
ground. Two periods of the year are shown: a dry period in summer, between
days 13 and 20, and a wetter period in autumn, between days 100 and 107.
The patterns of root water uptake generating these transpiration rates are
also shown in Figure 3. In the driest part of the simulated period, between
days 13 and 20, when soil near the surface becomes very dry, roots were able
to compensate for this lack of soil water content by increasing water uptake
from deeper soil layers. Root water compensation was also present, although
not so clearly evident, during wetter periods. In these periods, the majority
of water for transpiration was provided by soil near the surface, where most
of the roots are, but part of the transpired water was always supported by
deeper soil layers.
Rates of daily sap ux, excluding nights, were also satisfactorily repro-
duced by the model (Figure 4), with NSE equal to 0:58. The coecient of
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Figure 5: Modeled leaf water potential (continuous line) and root water potential at the
surface (dashed line) in two dierent periods. The panel at the bottom shows the xylem
potential as a function of height above ground at 12 pm in four dierent days.
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determination between modeled and observed data was 0:70, with the slope
of the least-squares regression line being 0:90 (with 95% condence interval
ranging from 0:80 to 1:00) with an intercept of 0:17 (with 95% condence in-
terval between 0:06 and 0:29). Figure 4 also shows the cumulative amount of
water transpired by the vegetation and that obtained from the model during
the simulated period.
Examples of modeled water potentials in the xylem are shown in Figure
5. The modeled leaf water potential oscillated around  0:2 MPa at pre-dawn
and reached values of about  3 MPa in the middle of the day. These values
are consistent with the leaf water potentials measured by Zeppel et al. [12] on
four days during the period September-December; measured pre-dawn values
for E. parramattensis and A. bakeri were between  0:18 and  1:77 MPa,
while minimum leaf water potentials were between  1:81 and  3:60 MPa. In
the same study, Zeppel et al. [12] used in their soil-plant-atmosphere model
a value of  2:8 MPa as a minimum sustainable leaf water potential, which
is consistent with the values obtained in our model. The modelled dierence
between root and leaf water potentials during the night were due to both
dierences in elevations (14 m = 0:14 MPa between soil surface and leaves)
and transpiration during the night. The gradient in water potentials between
roots and leaves were sucient to generate a ux of water from the soil to
the atmosphere, such that the model did not show uxes of water from roots
to the soil possibly associated with hydraulic redistribution. Figure 5 also
shows variation of above-ground xylem water potential for dierent days at
12 pm. The decrease of the xylem water potential with height is non-linear
because of the reduction in xylem conductivity (Eq. 7) caused by low leaf
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water potentials.
4. Root water uptake with dierent root depths
Previous studies and the sap ux data in Figure 1 show that trees at
the site are able to maintain sustained daily sap-ux rates across several
months; the reason for this has been attributed to the continuous presence
of water near the interface between the sand and clay layers, which acts as
a buer during dry periods [12]. Thus, when the sand becomes dry near
the surface, the trees are able to increase their water uptake from deeper
soil layers, even though a lower percentage of roots are present at these
depths. Since data on root density were available only to a depth of 1:5 m,
we modeled the root water uptake when root depths lower than 3:2 m are
assumed. We recall that in the model used by Zeppel et al. [12], which did
not account for root water compensation, a minimum root depth of 3 m was
required to satisfactorily describe the observed sap ow rates. Eucalyptus
species are generally evergreen and require deep root systems; other species
(e.g., drought deciduous species) might require shallower root depths. We
now consider root depths decreasing from a maximum of d = 3:2 m to a
minimum of d = 0:9 m, to establish whether dierent root depths in our
model are able to maintain the observed sap uxes. We thus assumed that
the root distribution had the shape as in Eq. (3), modifying only the value
of d; since we used Eq. (2), this assumption implies that the root mass
remained the same in all simulations, but it was distributed dierently along
the root depth.
According to the model results, the water transpired over the period under





















































Figure 6: Modeled cumulative transpiration rates (top) and daily minimum leaf water
potentials (bottom) obtained with root depths decreasing from 3:2 to 0:9 m.
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tion rates were obtained with root depths from 3:2 to 2 m, while transpiration
declined more noticeably with depths lower than about 2 m. Specically,
when assuming that the roots were almost entirely in the sandy layer (i.e.,
d = 0:9 m), the total transpiration after 155 days was about 24 mm lower
than in the case with d = 3:2 m. In order to maintain such high transpi-
ration rates even with shallower root depths, the vegetation needs to lower
the xylem water potential. As shown in Figure 6, the minimum leaf water
potential that the trees needed to sustain became much lower as root depth
decreased. The values of leaf water potential obtained with root depths lower
than about 2 m were very low and unrealistic when compared to measure-
ments at the site [12]. For all root depths, the daily minimum leaf water
potential was below hx50 for 91% of the days. With d = 3:2 m, the daily
averaged leaf water potential stayed above hx50 during the entire period sim-
ulated; as d decreased, the percentage of days in which the daily averaged
leaf water potential went below hx50 increased from 1.3%, for d = 2:5 m, to
11%, when d was 0:9 m.
The reduction in transpiration with shallower root depths is evident by
comparing the results in Figure (7) with those in Figure (3). With shallower
root depths, the vegetation was more reliant on soil moisture near the surface.
Larger water uptake rates near the surface after rainfall events caused a quick
drying of the sandy layer. With water uptake occurring mostly from the sand
layer and the high hydraulic conductivity of the sand, soil moisture content
declined near the surface inducing water stress in the vegetation. Root water
compensation was still evident during dry periods, but the lower moisture
available reduced the water uptake in comparison to the case with deeper
20

















Figure 7: Top: Modeled sap ux rates at 1:3 m from the ground for two dierent time
periods using a total root depth of 0:9 m. Bottom: corresponding root water uptake rates,
S [103d 1], proles in the top 0:8 m from the surface.
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root depths. Even in wetter periods, the shallow rooted vegetation is more
dependent on rainfall. This is for example shown by the rapid water uptake
near the surface occurring towards the end of the day 104, when 1 mm of
water fell in 30 minutes (Figure 7). This small event did not cause any
signicant change in the root water uptake when the root depth was set to
3:2 m (Figure 3).
Most of the root water uptake occurred within the rst 0:8 m of soil.
Figure (8) shows how daily root water uptake is partitioned among various
parts of the root system comparing dierent root depths. With d = 3:2 m,
about 15% of the daily root water uptake consistently came from soil layers
deeper than 0:6 m, where about 15% of the roots are; during dry periods, the
percentage of water from these depths increased, reaching about 30% in the
driest part of the period analyzed. When reducing the root depth, the roots
between 0:3 and 0:6 m became more important during dry periods. They
contributed at times more than 50% of the total daily rott water uptake,
even though less than 20% of the roots were at these depths.
To see the eect of lower rainfall rates on the partitioning of root water
uptake, we ran the same simulations using as input 70% of the rainfall rates
measured at the site (i.e., a total rainfall of 350 mm). The total transpiration
rates in this case were slightly lower than those obtained before, and these
transpiration rates were achieved thanks to lower leaf water potentials (not
shown). The partition of root water uptake from dierent depths did not

























d = 3.2 m
d = 2 m
d = 1.5 m











0.3-0.6 m (11%) 0.6-0.9 m (~1%)<0.9 m (~1%)
0-0.1 m (49% of roots)
Figure 8: Percentage of daily total root water uptake (RWU) from various parts of the
root system for three dierent root depths, d.
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5. Conclusions
Root water compensation is the mechanism through which vegetation ad-
justs the depth of root water uptake based on soil water availability, thereby
favoring uptake from areas of the soil that have higher water potentials even
when the root density is relatively low in these areas. We present here a
modeling study that helps show the key role of root water compensation in
maintaining sustained transpiration rates in an Australian woodland growing
on a duplex soil.
Using a one dimensional model that couples water ow in the soil to that
in the xylem, we were able to reproduce eld observations of transpiration
rates over a period of several months. The root depth in this simulation
was initially assumed to be 3:2 m; this value was adopted in a previous
study at the same site [12]. Root water uptake from the model suggested
that root water compensation was a key mechanism that allowed trees to
maintain stable transpiration rates during dry periods of the year; root water
compensation was also present during relatively wet periods. The roots below
a depth of 0:6 m, totaling to about 15% of the whole root biomass, provided
consistently nearly 15% of the daily transpiration, reaching 30% in the driest
part of the analyzed period.
The roots below a depth of 0:6 m, totaling to about 15% of the whole
root biomass, provided between 15% and 30% of the daily transpiration.
Scenarios with dierent root depths, from 3:2 to 0:9 m, showed that in all
cases root water compensation was actively involved in sustaining transpira-
tion rates, which anyway reduced considerably for root depths shallower than
about 2 m. For such depths, transpiration rates were sustained by decreasing
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leaf water potentials, which were much lower than what was experimentally
observed. The model suggested that the vegetation with shallower root sys-
tem is more responsive to rainfall events; in this case the soil surface becomes
drier and vegetation is more prone to experience water stress, thereby reduc-
ing transpiration rates. Root depths shallower than 2 m, with a percentage
of root biomass below 0:6 m of less than about 5%, reduced transpiration
rates because of water stress and led to leaf water potentials much lower than
eld observations. In those scenarios, roots deeper than 0:3 m provided up
to 70% of the daily transpiration even though root biomass at these depths
was less than 15%.
Our results can likely be extended to other areas with duplex soils and
shallow water table conditions, where large amounts of water can be reached
by the roots. In such conditions, roots can switch their preferential water
uptake from near the surface immediately after rainfall events to deeper soil
layers, where the wet soil allows for larger dierences between soil and root
water potentials. Our study thus shows that duplex soils might provide ener-
getically favorable conditions for root water uptake near the interface between
the layers, thereby allowing vegetation to maintain sustained transpiration
rates not-with-standing intermittent wet and dry periods.
Appendix A. Water retention curves
In unsaturated conditions, the soil moisture () and unsaturated hydraulic
conductivity (k) vary with soil pressure head (hs). The relationship between






[1 + jhsjn]m if hs < 0,
















if hs < 0,
ks if hs  0;
(A.2)
where r [L
3L 3] is the residual water content, s [L3L 3] is the water content
at saturation, ks[LT
 1] is the soil hydraulic conductivity at saturation and
[L 1], l[ ], n[ ] are parameters dependent on soil type; the parameterm[ ]
is equal to 1  1=n.
Appendix B. Penman-Monteith equation








 1] is the transpiration rate, Qn [MT 3] is the net radiation,
 [ML 1T 2K 1] is the slope of the saturation vapor pressure curve at a
given air temperature, Cp [ML
 1T 2K 1] is the heat capacity of air at con-
stant pressure, D [ML 1T 2] is the vapour pressure decit,  [ML 1T 2] is
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the latent heat of vaporization, ga [LT
 1] is the aerodynamic conductance,
 [ML 1T 2K 1] is the psychrometric constant and gc [LT 1] is the canopy
conductance. The net radiation is calculated as the 70% of the total radia-









 1T 2] is the saturation vapor pressure at a given air temper-
ature Ta [K], and given by the equation [50]:






with esat in Pascal.







where LAI [ ] is the leaf area index, gb [LT 1] is the leaf boundary layer
conductance per unit leaf area and gs [LT
 1] is the stomatal conductance.
Assuming that CO2 concentrations remain constant and do not aect the
stomatal conductance, gs can be modeled as [51]:
gs = gsmaxf(S)f(Ta)f(D)f(hxleaf ); (B.5)
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where gsmax [LT
 1] is the maximum stomatal conductance per unit leaf area,
and f(S) [ ], f(Ta) [ ], f(D) [ ], and f(hxleaf ) [ ] are empirical functions
varying between 0 and 1, which scale gsmax depending on solar radiation, air
temperature, vapor pressure decit and leaf water potential. These functions
are commonly written as:
f(S) = 1  exp( kr S); (B.6)













where kr, kt, kd and nl are empirical constants, Topt is the air temperature
at which f(T ) is 1, and hx50 is the leaf water potential at which f(hxleaf ) is
0:5.
We model the night time transpiration as:
En = Emaxf(Ta)f(D)f(hxleaf ); (B.10)
where Emax [LT
 1] is the maximum night time transpiration assumed to be
equal to 1  10 9 m s 1 based on the observed night time sap ux.
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Appendix C. Water ow in above ground xylem
Above ground, for a single plant, the water ow through the xylem can




















(z) Ed(z; t; hx); (C.1)
whereA(z)[L2] is the cross-sectional area of the above ground xylem, kp[LT
 1]
is the xylem conductivity per unit of xylem cross-sectional area, (z) [L] is
the leaf area per unit of stem length, and Ed(z; t; hx) [LT
 1] is the transpira-
tion ux density. For simplicity, we assume a uniform xylem cross sectional
area above ground, and thus A(z) becomes a constant. Therefore, A(z) on
the l.h.s. of Eq. (C.1) at the numerator and denominator cancel each other.
Since we do not consider a canopy structure, the term on the r.h.s of Eq.
(C.1) becomes zero.
Because Eqs. (1) and (5) dene transpiration per unit of ground area,
we need to re-scale Eq. (C.1) from the xylem cross-sectional area of a single
plant to the unit of ground area. This is obtained by re-scaling the axial
hydraulic conductivity, kp, which is multiplied by the ratio Ax=As, where Ax
is the average xylem cross-sectional area of all the plants in the ground area
















Figure D.9: Modeled root distribution with d = 3:2 m (continuous line) and measured
distribution (circles) [40].
Appendix D. Estimated root distribution
The root distribution when the root depth equals 3:2 m was estimated
from the data presented in Figure 4 of Macinnis-Ng et al. [40]. The percentage
of roots at 0:1, 0:3, 0:5, 1:0, and 1:5 m was measured in four trenches. We
averaged the results from the four trenches and assumed that the percentage
of roots at 0:1 m was distributed over the rst 0:15 m of soil; the value at 0:3
m referred to the soil between 0:15 and 0:40 m, the value at 0:5 m referred
to the soil between 0:40 and 0:75 m, the value at 1:0 m referred to the soil
between 0:75 and 1:25 m, and the value at 1:5 m referred to the depths
between 1:25 and 1:75 m. Dividing the values of the averaged percentage
of roots by the respective depth interval gives and estimation of the root
density.
The parameter qz of the root distribution (Eq. 2) with d = 3:2 m was
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